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This	 study	 investigates	 the	 effects	 of	 particle	 size	 reduction	 at	 different	 inoculum-to-substrate	 ratios	15	
and	 nutrient	 media	 supplementation	 on	 the	 assessment	 of	 biomethane	 production	 from	 food	 waste,	 under	16	
batch	 mesophilic	 conditions.	 Two	 different	 food	 waste	 samples	 were	 used	 and	 the	 best	 method	 for	 testing	17	
biomethane	 potential	 was	 chosen	 based	 on	 their	 characterisation	 and	 methane	 yields.	 Results	 obtained	18	
indicate	that	Inoculum-to-substrate	ratios	of	3:1	and	4:1	helped	to	stabilise	test	reactors	with	smaller	particle	19	
sizes	 of	 1	 mm	 and	 2	 mm,	 respectively.	 Consequently,	 an	 overall	 biomethane	 yield	 increase	 of	 38%	 was	20	
reported	 (i.e.,	 from	 393	 NmLCH4	 gVS
-1
added	 to	 543	 NmLCH4	 gVS
-1
added).	 This	 could	 potentially	 imply	 a	 better	21	
assessment	 of	 energy	 outputs	 from	 anaerobic	 digestion	 of	 food	 waste	 (i.e.,	 43.5%	 higher	 energy	 output	 as	22	
electricity	 from	 biogas,	 using	 commercial	 scale	 Combined	 Heat	 and	 Power	 (CHP)	 units).	 Although	 nutrient	23	
media	supplementation	did	not	enhance	methane	yield	from	optimum	inoculum-to-substrate	ratio	 (3:1)	and	24	
particle	 size	 (1	 mm),	 it	 was	 found	 that	 its	 application	 helped	 to	 stabilise	 food	 waste	 digestion	 by	 avoiding	25	
volatile	 fatty	acids	accumulation	and	high	propionic-to-acetic	acid	 ratio,	 consequently,	 improving	 the	overall	26	
test	 kinetics	 with	 91%	 lag	 time	 reduction	 from	 5.6	 to	 0.5	 days.	 This	 work	 supports	 the	 importance	 of	 key	27	
variables	 to	 consider	 during	 biomethane	 potential	 tests	 used	 for	 assessing	 methane	 yields	 from	 food	 waste	28	





















residues	and	purpose-grown	crops,	and	of	 this	 total,	over	50	anaerobic	digesters	 treat	 food	waste	48	









surface	 area	 and	 subsequently,	 food	 availability	 to	 the	 microbial	 community,	 thus	 improving	58	
methane	 production	 (Mshandete	et	al.,	 2006,	 Izumi	et	al.,	 2010).	 In	 agreement,	 Kim	et	al.,	 (2000)	59	
reported	that	by	reducing	food	waste	PS	from	2.14	to	1.02	mm	the	maximum	substrate	utilization	60	
doubled,	 thus	 improving	process	performance.	Meanwhile,	 in	some	cases	PS	reduction	can	have	a	61	
detrimental	 effect	 as	 suggested	 by	 Izumi	 et	 al.,	 (2010),	 stating	 a	 negative	 relationship	 between	62	
excessive	PS	reduction	and	methane	production.	63	
	 Moreover,	 methane	 production	 from	 food	 waste	 can	 also	 be	 enhanced	 using	 different	64	
inoculum-to-substrate	ratio	(ISR).	Neves	et	al.,	(2004)	assessed	the	biomethane	potential	of	kitchen	65	
waste	by	testing	a	range	of	 ISR	(2,	1,	0.74	and	0.43),	along	with	two	 inoculum	types	 (granular	and	66	
suspended).	The	authors	concluded	that	acidification	was	successfully	prevented	over	the	tested	ISR	67	
range	 when	 granular	 inoculum	 was	 used.	 Suspended	 sludge	 on	 the	 other	 hand,	 only	 avoided	68	
acidification	at	the	highest	ISR.	Similarly,	Lopes	et	al.,	(2004)	applied	a	bovine	fluid	inoculum	at	ISR	69	
0.17,	 0.11,	 and	 0.05	 to	 assay	 the	 biostabilisation	 of	 the	 organic	 fraction	 of	 municipal	 solid	 waste,	70	
revealing	a	straight-forward	relation	between	higher	amounts	of	inoculum	and	process	performance	71	
improvement.	 Although	 previous	 studies	 have	 investigated	 the	 individual	 effect	 of	 PS	 and	 ISR	 on	72	
biomethane	yield,	a	further	combination	of	PS	with	ISR	towards	biomethane	improvement	from	AD,	73	
as	at	the	time	of	conducting	this	study,	have	not	yet	been	reported	in	the	literature.	74	
Despite	 the	 various	 methods	 to	 improve	 biodegradability	 and	 biomethane	 production	 from	75	





with	 appropriate	 nutrient	 supplementation	 the	 AD	 process	 of	 FW	 becomes	 more	 resistant	 to	81	
environmental	changes,	hence	more	efficient	 (Banks	et	al.,	2012;	Climenhaga	and	Banks,	2008;	El-	82	
Mashad	et	al.,	2008;	Lee	et	al.,	2009).	83	
Therefore,	 the	 principal	 aims	 of	 this	 paper	 were	 as	 follows:	 a)	 determine	 whether	 the	84	
combination	 of	 PS	 reduction	 and	 ISR	 could	 enhance	 process	 stability	 and	 the	 assessment	 of	85	








sample	 was	 denominated	 Kitchen	 Waste	 (KW).	 	 The	 second	 collection	 happened	 over	 five	94	
consecutive	days	and	composite	samples	consisted	of	both	plate	waste	(from	the	eating	area)	and	95	
kitchen	 wastes,	 hence	 denominated	 as	 Composite	 Food	 Waste	 (CFW)	 samples	 (Table	 II).	 The	 two	96	
3	
	
sampling	 streams	 were	 conducted	 to	 understand	 the	 effect	 of	 particle	 size,	 inoculum-to-substrate	97	
ratio	 and	 nutrient	 media	 on	 the	 effective	 biomethane	 potential	 of	 different	 food	 waste	 streams	98	















nature	 of	 the	 sample,	 it	 was	 not	 possible	 to	 allow	 it	 to	 drain	 freely	 through	 the	 sieves,	 therefore,		114	
manual	pressure	was	applied	during	the	sieving	process	using	a	flat	metal	bar.		Hence,	the	first	food	115	
waste	 PS	 was	 the	 undersize	 of	 the	 processed	 sample	 from	 1	 mm	 sieve,	 the	 second	 PS	 was	 the	116	
undersize	of	the	processed	sample	from	a	2	mm	sieve	and	the	last	was	the	raw	homogenised	sample	117	
after	processing	with	PS	≤5	mm;	having	95%	solids	recovery	from	a	5	mm	sieve.	118	
To	 generate	 representative	 sub-samples,	 the	 food	 waste	 sample	 for	 each	 PS	 group	 was	119	
individually	 mixed	 and	 divided	 into	 four	 samples.	 Subsequently,	 smaller	 samples	 of	 500	 g	 were	120	
weighed	into	refrigerator	bags,	labelled	and	stored	at	-20	°C	until	required	for	the	experiments;	one	121	
bag	from	each	sample	was	however	stored	at	4	°C	to	carry	out	the	characterisation.	Frozen	samples	122	





















biomethane	 yield	 were	 established	 with	 KW,	 the	 biomethane	 yield	 at	 the	 same	 conditions	 were	138	
conducted	 with	 CFW	 in	 comparison	 with	 KW.	 Considering	 that	 KW	 and	 CFW	 samples	 had	 similar	139	
biomethane	 yields,	 Experiment	 2	 was	 conducted	 to	 test	 the	 effect	 of	 nutrient	 media	140	
supplementation	to	further	improve	the	biomethane	yield	using	CFW	samples	only.	The	decision	of	141	
applying	 nutrient	 media	 supplementation	 on	 CFW	 was	 based	 on	 the	 results	 from	 food	 waste	142	
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The	food	waste	samples	were	blended	with	a	Nutribullet	homogeniser	and	characterised	as	≤5	154	
mm;	having	>95%	recovery	of	the	food	waste	from	a	5	mm	screen.	They	were	then	sieved	through	1	155	
mm	 and	 2	 mm	 screens	 to	 obtain	 the	 respective	 PS,	 as	 such	 the	 three	 PS	 (≤1	 mm,	 ≤2	 mm	 and	 ≤5	156	
mm);	hereafter	denoted	as	1	mm,	2	mm	and	5	mm,	were	added	to	each	reactor	as	a	substrate,	at	157	
different	 concentrations,	 depending	 on	 the	 ISR	 used.	 These	 sizes	 were	 chosen	 because	 smaller	 PS	158	
below	 1	 mm	 could	 encourage	 high	 volatile	 fatty	 acids	 (VFAs)	 concentration,	 due	 to	 enhanced	159	
fermentation	 (Izumi	et	al.,	2010),	while	above	5	mm	 lower	biogas	yield	could	be	obtained,	due	 to	160	
poor	substrate	degradation.	Three	ISR	were	tested;	2:1,	3:1	and	4:1	based	on	VS	content.			161	
When	assembling	the	reactors,	a	fixed	volume	of	300	ml	of	 inoculum	was	used	for	all	assays	162	
and	 the	 VS	 concentration	 in	 this	 amount	 of	 inoculum	 was	 calculated.	 For	 each	 ISR,	 the	 required	163	
amount	of	food	waste	was	determined.	Hence,	the	calculated	FW	amount	was	added	to	300	ml	of	164	
inoculum	 and	 made	 up	 to	 1	 litre	 with	 distilled	 water.	 Bulk	 samples	 were	 prepared	 with	 constant	165	
manual	 mixing	 and	 divided	 into	 aliquots	 of	 500	 ml;	 out	 of	 which	 400	 ml	 was	 used	 for	 the	 BMP	166	

























Then	 the	 other	 solutions	 were	 added	 to	 it	 in	 the	 following	 volumes:	 10	 ml	 of	 solution	 B;	 1	 ml	 of	188	
solution	 C	 and	 1	 ml	 of	 solution	 D.	 Finally,	 the	 pH	 was	 corrected	 to	 7.0	 ±	 0.2	 by	 gradually	 adding	189	
NaHCO3;	 up	 to	 a	 maximum	 of	 1.20	 g.	 When	 assembling	 the	 reactors,	 15	 g	 of	 VS	 of	 inoculum	 was	190	
used	 and	 the	 required	 amount	 of	 food	 waste	 (in	 g	 of	 VS)	 was	 established	 by	 dividing	 it	 by	 the	191	
respective	 ISR	 (3:1).	 The	 volume	 of	 media	 used	 in	 the	 reactor	 was	 determined	 by	 deducting	 the	192	
inoculum	and	food	waste	volumes	from	the	400	ml	reactor	working	volume.	No	water	was	used	in	193	
the	 reactors	 with	 nutrient	 media,	 thus	 possibly	 avoiding	 important	 nutrients	 becoming	 a	 limiting	194	
factor	on	the	system.	The	media	was	transferred	to	each	reactor,	followed	by	the	inoculum	and	food	195	
waste.	 A	 Resazurim	 solution	 was	 added	 to	 indicate	 the	 presence	 of	 oxygen	 inside	 the	 reactors.	196	
During	 the	 media	 inoculation,	 the	 bottles	 were	 continuously	 flushed	 with	 pure	 N2	 gas	 to	 ensure	197	
anaerobic	conditions	of	the	reactors	and	capped	tightly	with	rubber	stoppers.	198	
	 	199	




Daily	 methane	 production	 from	 each	 reactor	 was	 automatically	 measured	 and	 converted	 to	204	
Standard	 Temperature	 and	 Pressure	 (STP)	 conditions	 (1	 atm	 and	 0	 °C)	 by	 the	 AMPTS	 II	 system.		205	





Standard	 analytical	 methods	 used	 for	 the	 examination	 of	 wastewaters	 and	 sludge	 were	211	




















includes	 acetic-,	 propionic-,	 iso-butyric-,	 butyric-,	 iso-valeric-,	 valeric-,	 iso-caproic-,	 caproic-	 and	230	
heptanoic-	acids.	The	concentration	of	the	various	trace	elements	and	metals	were	determined	by	231	




The	 estimation	 of	 the	 theoretical	 methane	 potential	 (TMP)	 was	 calculated	 based	 on	 the	236	
Buswell	 equation	 (Buswell,	 1952).	 	 A	 kinetic	 analysis	 of	 the	 methane	 production	 and	 soluble	 COD	237	
degradation	was	conducted.	The	modified	Gompertz	(MGompertz)	growth	model	(Equation	1)	was	238	
used	to	fit	the	methane	production	curves,	according	to	Zwietering	et	al.,	(1990),	to	estimate	the	lag	239	
phase	 and	 maximum	 specific	 methane	 production	 rate	 for	 each	 assay,	 using	 Origin-Pro®	 2018	240	
graphical	and	statistics	software.	241	
	242	
	 	 	 																																Eq.	1	243	
wℎ#$#;	%=	&'(')*+,-#	(#+ℎ*.#	%,#)/	((0&14	g23-1added),	9=:*;,('(	(#+ℎ*.#	%,#)/	((0&14	g23-1added)	*+	+,(#	+,	244	
<(=:*;,('(	=>#?,@,?	(#+ℎ*.#	%,#)/	>#$	/*%	((0&14	(g23-1added	B*%-1)),	D=0*E	>ℎ*=#	(B*%=),	#	=	#;>	(1).	245	








































KW	 CFW	 Kitchen	Waste	 Food	Waste	 Food	Waste	 Food	Waste	 Food			Waste	
Moisture	Content	%	 78.58	(0.25)	 68.11	(0.30)	 81.5(0.66)	 -	 -	 -	 -	
Total	Solids	(TS),	mg/kg	(wet	base	=	w.b.)	 21.4	(2.52)	 31.9	(3.01)	 18.5(0.71)	 30.90(0.07)	 18.1(0.6)	 23.1(0.3)	 14.3	(1.75)	
Volatile	Solids	(VS),	mg/kg	(w.b.)	 20.5	(1.36)	 29.6	(4.05)	 _	 26.35(0.14)	 17.1	(0.6)	 21.0(0.3)	 13.1	(1.71)	
VS/TS	%	(dry	base	=	d.b.)	 95.58	 92.91	 94.1	(0.35)	 85.30	(0.65)	 0.94(0.01)	 90.9(0.2)	 -	
C	%TS	 50.87	(0.07)	 53.06	(0.37)	 -	 46.78(1.15)	 46.67	 56.3(1.1)	 47.4(0.01)	
H	%TS	 7.21	(0.14)	 7.79	(0.10)	 -	 -	 -	 -	 6.65(0.28)	
N	%TS	 2.96	(0.03)	 4.85	(0.07)	 -	 3.16(0.22)	 3.54	 2.3(0.3)	 1.90(0.09)	
O	%TS	 38.83	(0.24)	 34.18	(0.51)	 -	 -	 -	 							-	 43.7(0.28)	
S	%TS	 0.13	(0.01)	 0.13	(0.03)	 -	 -	 -	 -	 0.41(0.06)	
C/N		 17.19	 10.95	 -	 14.80	 13.2	 24.5(1.1)	 24.94	
Lipid	%	TS	 24.25	(0.44)	 27.62	(1.36)	 14.0(0.51)	 -	 23.3(0.45)	 -	 -	
Protein	%	TS	 14.33	(0.68)	 24.31	(1.00)	 16.9(0.69)	 -	 -	 -	 -	
Carbohydrate	%	TS	 57.52	(0.48)	 42.75	(1.97)	 24.0	(1.06)	 -	 61.9	 -	 -	
Calcium	(Ca),	mg/kg	TS	 154.2	(3.8)	 227.3	(20.4)	 -	 -	 -	 -	 -	
Cobalt	(Co),	µg/kg	TS	 3.6	(1.1)	 2.8	(0.5)	 -	 -	 -	 -	 -	
Cooper	(Cu),	mg/kg	TS	 1.7	(0.2)	 1.3	(0.1)	 -	 -	 -	 -	 -	
Chromium	(Cr),	mg/kg	TS	 N.D.**	 N.D.	 -	 -	 -	 -	 -	
Iron	(Fe),	mg/kg	TS	 3.6	(0.4)	 4.3	(0.6)	 -	 -	 -	 -	 -	
Nickel	(Ni),	µg/kg	TS	 219.1	(58.8)	 156.9	(28.1)	 -	 -	 -	 -	 -	
Magnesium	(Mg),	mg/kg	TS	 42.8	(2.2)	 40.5	(1.1)	 -	 -	 -	 -	 -	
Manganese	(Mn),	mg/kg	TS	 1.1	(0.04)	 0.6	(0.08)	 -	 -	 -	 -	 -	
Molybdenum	(Mo),	µg/kg	TS	 24.6	(4.0)	 33.8	(3.5)	 -	 -	 -	 -	 -	
Selenium	(Se),	µg/kg	TS	 n.d	 391.2	(103.2)	 -	 -	 -	 -	 -	
Potassium	(K),	mg/kg	TS	 586.1	(11.5)	 773.5	(22.0)	 -	 -	 -	 -	 -	
Tungsten	(W),	µg/kg	TS	 5.9	(1.9)	 4.5	(0.9)	 -	 -	 -	 -	 -	
Zinc	(Zn),	mg/kg	TS	 2.1	(0.5)	 4.9	(0.8)	 -	 -	 -	 -	 -	
Total	Chemical	Oxygen	Demand	(TCOD),	g/L	 264.55	 327.46	(22.13)	 -	 -	 -	 -	 -	
Total	VFAs,	mg/L	 412.49(25.82)	 746.82	(2.65)	 -	 -	 -	 -	 -	












Nevertheless,	 CFW	 contained	 higher	 concentrations	 of	 lipids	 (27.62%)	 compared	 to	 other	266	
food	waste	samples,	including	KW,	hence,	suggesting	a	likely	higher	biomethane	potential	(Zhang	et	267	
al.,	 2014).	 However,	 the	 C/N	 ratio	 at	 5	 mm	 PS	 (10.95	 –	 17.19)	 was	 lower	 than	 the	 recommended	268	
value	range	of	20	–	30	(Puyuelo	et	al.,	2011).		An	optimum	C/N	is	required	for	bacteria	to	allow	their	269	
growth	 and	 maintain	 a	 stable	 environment,	 as	 well	 as	 being	 an	 important	 indicator	 of	 potential	270	
ammonium/ammonia	 toxicity	 and	 inhibition.!The	 significantly	 lower	 C/N	 ratio	 of	 the	 CFW	 sample	271	
(10.95)	could	hinder	the	AD	process,	by	decreasing	the	COD	(chemical	oxygen	demand)	removal	and	272	







Based	on	 the	 inorganic	composition	of	 the	wastes	here	studied,	 the	KW	sample	contained	280	
higher	 concentrations	 of	 trace	 elements	 compared	 to	 the	 CFW,	 except	 for	 Selenium,	 which	 was	281	
absent	in	the	former.	Overall,	based	on	different	waste	compositions	published	in	the	literature,	it	is	282	
possible	 to	 corroborate	 the	 representativeness	 of	 both	 samples	 used	 in	 this	 study,	 and	 their	283	
suitability	for	anaerobic	biodegradability.		284	
	285	
	 	 	 	P S 	 - -Substrate	ratio		286	
	 S 	 lemental	characteristics	287	










is	 possible	 that	 due	 to	 fractionation	 the	 solids	 reject	 from	 the	 sieve	 when	 the	 PS	 were	 reduced,	298	
influenced	 the	 detainment	 of	 some	 of	 the	 elemental	 components,	 thus,	 altering	 the	 elemental	299	
characteristics	of	the	smaller	PS.	300	
According	to	the	p-values	from	two	sample	t-tests	conducted	at	α=0.05	(Table	IV),	reduction	in	301	
KW	 PS	 from	 5	 mm	 significantly	 affected	 the	 elemental	 characteristics	 especially	 the	 carbon	 and	302	
nitrogen	content.	However,	further	reduction	in	PS	from	2	mm	to	1	mm	did	not	significantly	affect	303	
the	 elemental	 characteristics	 (except	 for	 hydrogen).	 The	 significant	 changes	 in	 elemental	304	







PS	interaction	 N	 C	 H	 C/N	
5	mm	vs	1	mm	 0.000	 0.009	 0.017	 0.000	
5	mm	vs	2	mm	 0.000	 0.002	 0.164	 0.001	






higher	 values	 in	 any	 experimental	 setup	 could	 imply	 either	 of	 two	 things;	 (i)	 the	 rate	 of	 VFA	315	























































1 mm Particle size
Digestion time [Day]
2 mm particle size
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ISR	 (discussed	 in	 Section	 3.1.4).	 This	 means	 with	 5	 mm	 PS,	 methane	 production	 progressed	 at	 an	334	
‘inhibited	 steady-state’;	 whereby,	 the	 process	 continued	 at	 a	 stable	 rate,	 but	 with	 low	 methane	335	
production	 (Angelidaki	 et	 al.,	 2016).	 It	 was	 not	 surprising	 to	 observe	 higher	 VFA	 accumulation	 at	336	
lower	ISR	for	all	three	PS	in	the	ISR	order	2	>	3	>	4.	Considering	lower	ISR	meant	relatively	more	food	337	
waste	 loading	 within	 the	 same	 PS	 experiments,	 the	 VFA	 levels	 increased	 at	 lower	 ISR	 during	338	
fermentation.	The	variation	in	ISR	within	each	PS	treatment	was	beneficial	in	identifying	possible	PS	339	
and	ISR	combinations	that	could	help	decrease	the	lag	in	methane	production.		340	
Acetic	 (A)	 and	 propionic	 (P)	 acids	 are	 the	 main	 precursors	 to	 methane	 production	 (Zhang	 et	 al.,	341	
2014).	 To	 minimise	 the	 VFA-induced	 inhibition,	 a	 P/A	 ratio	 of	 1.4	 have	 been	 set	 as	 a	 benchmark	342	
(Buyukkamaci	and	Filibeli,	2004;	Marchaim	and	Krause,	1993).	The	P/A	trends	for	all	BMP	assays	are	343	
shown	in	Figure	2.	344	
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measured	 at	 5	 mm	 PS	 (Figure	 1),	 the	 corresponding	 P/A	 ratios	 at	 lower	 particle	 sizes	 were	349	









Therefore,	 with	 PS	 reduction,	 the	 rate	 of	 acetic	 acid	 degradation	 was	 perceived	 to	 be	 increased,	357	















From	 Figure	 3,	 we	 observe	 that	 the	 high	 biomethane	 yields	 were	 obtained	 at	 1	 mm	 PS	 and	366	
decreased	with	increasing	PS.	This	suggests	that	PS	reduction	does	affect	the	BMP	from	food	waste	367	
and	is	believed	to	be	related	to	the	improved	VFA	degradation	rate.	An	overall	biomethane	increase	368	
of	 38%	 was	 observed	 in	 this	 study	 with	 PS	 reduction.	 Similarly,	 Mshandete	et	 al.	 (2006)	 reported	369	
23%	increase	in	methane	yield	from	sisal	fibre	waste	when	it	was	reduced	from	100	mm	to	2	mm.		370	
Izumi	et	al.	(2010),	also	stated	that	smaller	mean	PS	of	food	waste	increased	overall	methane	yield	371	
by	 28%,	 when	 the	 mean	 PS	 was	 reduced	 from	 0.843	 to	 0.391	 mm	 using	 a	 bead	 mill,	 because	 of	372	
enhanced	solubilisation.	 In	a	study	on	the	effect	of	PS	and	sodium	ion	concentration	on	anaerobic	373	
thermophilic	food	waste	digestion,	Kim	et	al.	(2000)	concluded	that	PS	is	one	of	the	most	important	374	
factors	 of	 food	 waste	 anaerobic	 digestion.	 Furthermore,	 they	 observed	 an	 inverse	 relationship	375	
between	food	waste	and	maximum	substrate	utilisation	rate,	with	PS	reduction	from	2	mm	to	1.02	376	
mm.	 Although,	 these	 studies	 were	 conducted	 at	 largely	 varied	 PS	 ranges,	 they	 all	 attributed	 PS	377	
reduction	with	increase	in	biomethane	yield	due	to	enhanced	substrate	solubilisation.		378	
Arguably,	PS	reduction	would	seemingly	increase	the	energy	demand	in	AD	systems,	however,	379	
at	 the	 time	 of	 conducting	 this	 study,	 there	 was	 no	 data	 on	 energy	 required	 for	 PS	 reduction	 to	380	
support	whether	the	increased	energy	output	achieved	in	this	study	can	sufficiently	cover	the	energy	381	
input.	 Nevertheless,	 a	 potential	 increase	 in	 methane	 yield	 such	 as	 the	 one	 obtained	 in	 this	 study,	382	
could	 increase	 the	 energy	 output	 to	 make	 up	 for	 the	 energy	 demand	 from	 size	 reduction.	 For	383	
instance,	 the	 gross	 calorific	 value	 of	 methane	 is	 39.8	 MJ	 m
-3
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Biomethane	yield	 increased	when	 the	 ISR	was	 increased	 for	 smaller	 PS	of	1	mm	and	2	mm,	394	
while	the	opposite	was	observed	at	5	mm	PS.	From	the	VFA	profiles	presented	in	Section	3.1.2	and	395	
the	 cumulative	 methane	 yield	 in	 Figure	 3,	 it	 might	 be	 useful	 to	 accompany	 PS	 reduction	 with	 ISR	396	
increase	for	improved	yield.	This	is	because	reducing	the	PS	results	in	enhanced	solubilisation;	owing	397	
to	an	increased	surface	area.	Consequently,	the	microorganisms	(inoculum)	should	be	increased	to	398	
consume	 the	 high	 amount	 of	 solubilised	 materials.	 This	 factor	 is	 often	 neglected,	 which	 could	 be	399	
responsible	for	the	contrasting	findings	by	different	studies	on	ISR	and	food-related	waste	BMPs.	For	400	






The	 MGompertz	 model	 was	 used	 in	 fitting	 the	 experimental	 data,	 being	 widely	 adopted	 for	407	
fitting	cummulative	methane	production	 (Kong	et	al.,	2016;	Pellera	and	Gidarakos,	2016;	Lü	et	al.,	408	
2015;	Moset	et	al.,	2015;	Mottet	et	al.,	2014;	Pan	et	al.,	2013;	Wall	et	al.,	2013;	Boulanger	et	al.,	409	















results	 shown	 in	 Table	 V,	 it	 is	 possible	 to	 infer	 that	 PS	 reduction	 improves	 the	 anaerobic	423	


















































































2:1	 0.27	 0.99	 3.5	 515.65	 514.63	 99.8	
3:1	 0.43	 0.99	 0.2	 515.65	 542.79	 105.3	
4:1	 0.40	 0.98	 0.4	 515.65	 538.33	 104.4	
2	mm	
2:1	 0.33	 0.99	 0.9	 483.91	 395.73	 81.8	
3:1	 0.53	 0.99	 0.1	 483.91	 493.84	 102.1	
4:1	 0.74	 0.99	 0.1	 483.91	 488.47	 100.9	
5	mm	
2:1	 0.25	 0.98	 5.8	 547.90	 452.89	 82.7	
3:1	 0.39	 0.99	 6.3	 547.90	 404.72	 73.9	
4:1	 0.46	 0.99
a
	 7.0	 547.90	 393.42	 71.8	
14	
	
Figure	 4	 further	 demonstrates	 that	 increase	 in	 methane	 yield	 is	 inversely	 proportional	 to	437	
increase	in	PS	at	all	tested	ISR.	The	ISR	of	3:1	enriched	higher	biomethane	yield	(especially	at	lower	438	
PS)	than	2:1	and	4:1;	the	reason	being	a	relatively	balanced	fraction	of	substrate	to	acting	microbial	439	






























	 0.1	 89	 n.a.	 92	 0.37	 0.17	 n.a.	
Ludlow,	UK	1998
(b)
	 >0.25	 229	 n.a.	 85	(14)	 0.46	(0.05)	 >0.30	 n.a.	
Luton,	UK
(b)
	 0.07	(0.01)	 148	(1)	 n.a.	 97.7	(1.6)	 1.1	(0.2)	 1.2	(0.6)	 n.a.	
Hackney,	UK
(b)
	 0.35	(0.19)	 175	(58)	 n.a.	 94.5	(4.1)	 1.2	(0.2)	 0.4	(0.3)	 n.a.	
Present	Study		 0.030	(0.005)	 4.2	(0.6)	 0.20	(0.03)	 0.60	(0.08)	 0.030	(0.004)	 0.4	(0.1)	 0.005	(0.001)	
Inoculum	
Facchin	et	al.	(2013)	 2.9	 n.a	 24.2	 n.a	 4	 <1	 2.7	
Banks	et	al.	(2012)	 0.083	 n.a	 2.9	 n.a	 0.29	 0.050	 <0.035	
Present	Study	 0.003	 n.a	 0.01	 n.a	 0	 0.03	 0.002	
	Recommended	–	Anaerobic	Biomass	






reported	 elsewhere	 in	 the	 literature	 for	 seeds	 treating	 food	 waste	 (Table	 VI).	 The	 trace	 element	457	


















to	 the	 control	 where	 an	 uncoupling	 between	 production	 and	 consumption	 of	 VFAs	 occurred,	474	
resulting	in	its	accumulation	and	simultaneous	pH	drop	between	day	4	and	7.	The	control	behaviour	475	
was	already	anticipated,	as	the	single	stage	anaerobic	digestion	performance	of	food	waste	is	usually	476	
reported	as	unsuccessful,	mainly	due	to	 the	rapid	consumption	of	 the	 labile	 fraction	of	 the	waste,	477	
which	ultimately	leads	to	the	described	scenario	(Ma	et	al.,	2011).		478	


















 pH - with media
 pH - without media
 TVFAs - with media
















































 P/A - with media






Zhang	et	al.	 (2012)	 treated	 food	waste	on	a	single-stage	mesophilic	anaerobic	digestion	and	483	
demonstrated	that	when	supplemented	with	Co,	Fe,	Mo	and	Ni,	the	digestion	became	more	stable	484	
in	 terms	of	pH	values	and	 lower	VFAs	 levels	when	compared	 to	 the	control,	 suggesting	 that	 these	485	
nutrients	have	an	important	role	for	improving	methanogens	and	the	overall	process	performance.	486	




as	 opposed	 to	 only	 548.7	 mg	 L
-1
	 for	 the	 same	 period	 in	 the	 nutrient	 treated	 reactor.	 This	489	
substantiates	 the	 rapid	 consumption	 of	 the	 readily	 degradable	 fraction	 of	 food	 waste	 faster	 in	 a	490	
nutrient	balanced	digestion,	as	well	as	the	maintenance	of	a	 lower	concentration	levels	of	VFAs	by	491	
the	presence	of	certain	metals.		492	
As	previously	mentioned,	P/A	 ratio	 can	be	used	as	a	 tool	 for	detecting	digestion	 imbalance,	493	
with	 values	 above	 1.4	 suggesting	 digester	 failure	 (Hill	 et	 al.,	 1987).	 	 On	 the	 fourteenth	 day	 of	494	
experiment	 the	 control	 showed	 a	 P/A	 of	 4.6	 (Figure	 5b).	 Conversely,	 the	 reactor	 supplied	 with	495	
nutrient	media	did	not	show	any	P/A	values	above	1.4	throughout	the	digestion	period	(Figure	5b).	496	
According	 to	 Qiang	 et	 al.	 (2013),	 when	 the	 digestion	 of	 food	 waste	 is	 nutrient-sufficient,	 the	497	
propionic	 acid	 degradation	 rate	 is	 constant	 and	 therefore,	 there	 is	 no	 VFAs/propionic	 acid	498	






It	 is	 clearly	 seen	 from	 the	 results	 that	 although	 the	 composite	 food	 waste	 sample	 and	 the	503	
inoculum	 used	 in	 this	 study	 did	 not	 provide	 enough	 concentration	 of	 nutrients	 for	 the	 anaerobic	504	
biomass,	 the	 trace	 elements	 supplementation	 in	 a	 form	 of	 a	 pre-determined	 media,	 containing	505	
amongst	 other	 elements:	 Co,	 Mo,	 Fe	 and	 Ni	 counterbalanced	 the	 lack	 of	 nutrients.	 This	 offered	506	
protection	 against	 VFAs	 accumulation/	 propionic	 acid	 build-up,	 hence,	 avoiding	 a	 likely	 esteemed	507	
digestion	failure.	508	




added)	compared	 with	 the	 supplemented	 reactor	 (490.5	 NmL	 gVS
-1
added).	 However,	511	
methane	 production	 rate	 differed	 significantly	 between	 them,	 with	 the	 nutrient	 media	512	




	days	of	digestion	negatively	 influenced	methane	production	 for	 the	same	period	 in	 the	515	




the	 first	 week	 was	 the	 most	 relevant	 period	 for	 methane	 generation.	 The	 improved	 process	518	
performance	in	this	case	is	also	confirmed	by	the	technical	digestion	time	(T80),	which	corresponds	519	
to	the	period	(in	days)	taken	by	the	digestion	process	to	achieve	80%	of	the	cumulative	yield	(Xie	et	520	
al.,	 2011).	 The	 nutrient	 supplemented	 reactor,	 reached	 the	 T80	 at	 the	 7
th
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3:1	 0.45	 0.998	 0.5	 588.78	 490.48	 83.3	



















while	 for	PS	≥3	mm,	 the	highest	methane	yield	was	obtainable	at	 ISR	2:1.	As	a	 result	of	 improved	552	
degradability	 and	 a	 balanced	 PS	 and	 ISR	 combination,	 an	 overall	 methane	 increase	 of	 38%	 was	553	







on	 the	 final	 methane	 yield	 of	 food	 waste,	 nutrient	 media	 supplementation	 did	 not	 enhance	 the	557	
ultimate	methane	yield.	On	the	other	hand,	it	was	found	that	its	application	helped	to	stabilise	food	558	
waste	digestion	process	by	avoiding:	a)	VFAs	accumulation	and	high	P/A	ratio	and	b)	reducing	the	lag	559	
time	(8.9%	 less	 time	needed),	 thus	strongly	suggesting	that	nutrient	media	supplementation	could	560	
significantly	 reduce	 the	 hydraulic	 retention	 time	 (HRT)	 of	 food	 waste	 anaerobic	 digestion,	 thus	561	
increasing	the	throughput	and	biomethane	recovery.	562	
Further	investigation	needs	to	be	done	on	the	bioavailability	of	essential	nutrients	such	as	Ni,	563	
Co,	 Mo,	 Se,	 W,	 Fe	 and	 Mn	 during	 the	 digestion	 process	 of	 food	 waste,	 hence,	 enabling	 a	 better	564	
understanding	 of	 these	 nutrients	 utilisation	 in	 batch	 systems,	 offering	 a	 possibility	 for	 further	565	
adjustments	and	improvement	of	the	media	here	tested.		566	
As	 documented	 by	 this	 study,	 there	 is	 not	 a	 clear	 winner	 strategy	 for	 methane	 yield	567	
enhancement	 from	 food	 waste	 as	 a	 sole	 substrate	 in	 AD.	 All	 the	 applied	 methods	 (PS,	 ISR	 and	568	
nutrient	media),	have	benefits,	and	costs	related	to	energy	input	that	need	to	be	estimated	for	large	569	
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